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Highlights1
(“Analysis of trace contaminants in hot gas streams using time-weighted average solid-phase 2
microextraction: proof of concept” manuscript by Woolcock et al.)3
 TWA-SPME method (retracted fiber) was developed for high temperature process gases.4
 Experiments support theory of secondary boundary layer postulated by Semenov (2004).5
 Trial application measuring syngas tar during gasification proves method functionality. 6
7
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19
ABSTRACT.  Time-weighted average (TWA) passive sampling using solid-phase 20
microextraction (SPME) and gas chromatography was investigated as a new method of 21
collecting, identifying and quantifying contaminants in process gas streams.  Unlike previous22
TWA-SPME techniques using the retracted fiber configuration (fiber within needle) to monitor23
ambient conditions or relatively stagnant gases, this method was developed for fast-moving 24
Page 3 of 33
Ac
ce
pte
d M
an
us
cri
pt
3
process gas streams at temperatures approaching 300 °C.  The goal was to develop a consistent 25
and reliable method of analyzing low concentrations of contaminants in hot gas streams without 26
performing time-consuming exhaustive extraction with a slipstream.  This work in particular 27
aims to quantify trace tar compounds found in a syngas stream generated from biomass 28
gasification.  This paper evaluates the concept of retracted SPME at high temperatures by testing 29
the three essential requirements for TWA passive sampling: (1) zero-sink assumption, (2)30
consistent and reliable response by the sampling device to changing concentrations, and (3)31
equal concentrations in the bulk gas stream relative to the face of the fiber syringe opening.  32
Results indicated the method can accurately predict gas stream concentrations at elevated 33
temperatures.  Evidence was also discovered to validate the existence of a second boundary layer 34
within the fiber during the adsorption/absorption process.  This limits the technique to operating 35
within reasonable mass loadings and loading rates, established by appropriate sampling depths 36
and times for concentrations of interest.  A limit of quantification for the benzene model tar37
system was estimated at 0.02 g m-3 (8 ppm) with a limit of detection of 0.5 mg m-3 (200 ppb).  38
Using the appropriate conditions, the technique was applied to a pilot-scale fluidized-bed gasifier 39
to verify its feasibility.  Results from this test were in good agreement with literature and prior 40
pilot plant operation, indicating the new method can measure low concentrations of tar in 41
gasification streams.42
Keywords: solid phase microextraction, hot process gas, time-weighted average sampling, tar, 43
syngas; gas sampling and analysis. 44
45
Page 4 of 33
Ac
ce
pte
d M
an
us
cri
pt
4
1. INTRODUCTION  46
1.1 Sampling and Analysis in Thermochemical Processing47
Thermochemical processing of carbonaceous materials, such as biomass or municipal solid 48
waste, is a potential pathway for producing renewable fuels and chemicals.  Gasification in 49
particular is a robust technology that is capable of converting contaminated feedstock into a 50
useable product, in this case, a hot (800 to 1200 °C) synthetic gas stream composed primarily of 51
carbon monoxide (CO) and hydrogen (H2).  This ‘syngas’ is valuable for many commercial 52
applications, from fuel and chemical synthesis to raw heat and power operations.53
54
Raw syngas produced by gasification contains numerous contaminants either derived from 55
impurities in the feedstock or created as a byproduct of the process.  These contaminants include 56
particulate matter, ammonia (NH3), hydrogen chloride (HCl), hydrogen sulfide (H2S), and 57
heavier oxygenated compounds known as “tars.”  Tars are a particularly serious issue as they 58
tend to condense from the vapor-phase as the temperatures fall below 400 °C, which leads to 59
deposits that clog pipes and equipment.  Cleaning methods often leave residual contamination 60
that can still be problematic in several highly sensitive technologies, such as catalysis [1].  61
62
Numerous analytical techniques are available for quantifying these contaminants, but they are 63
largely based on preparation steps that use wet chemical methods [2].  These methods are 64
performed offline, which is a significant disadvantage to monitoring and quickly controlling a 65
process in real-time to maintain optimum efficiency.  Some devices may monitor specific 66
contaminants online during the process, including GC-TCD (thermal conductivity detector), 67
NCD (nitrogen chemiluminescence detector), and SCD (sulfur chemiluminescence detector) 68
among others.  However these devices are typically expensive and limited to detecting single 69
types of contaminants (i.e. NH3 or H2S).  70
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71
Heavy molecular weight, slightly oxygenated compounds known as tars are a particularly 72
difficult contaminant to quantify [1]. Due to their varied composition (usually hundreds of 73
different compounds), they are typically collected by exhaustive extraction and gravimetrically 74
measured.  A slipstream (i.e. a small sample stream diverted from the main process stream) of 75
the syngas is passed through a series of condensers or impingers, sometimes with isopropanol as 76
a solvent. Differences in mass are calculated for the equipment before and after the tars are 77
collected.  Clear guidelines for this conventional tar measurement and a closely related solvent-78
free technique have been documented in the literature [3-4].79
80
The method of exhaustive extraction is difficult to apply at low concentrations due to low mass 81
accumulation.  For example, removing tar by 99% from a typical fluidized bed gasifier would 82
still yield ~100 mg m-3 of tar (~30 ppmw at standard conditions) [5].  Only ~0.5 g of sample 83
would be collected after nearly 17 h of sampling at a higher than typical flow rate of 5 SLPM.  In 84
addition to this inefficient data gathering technique, maintaining steady-state process conditions 85
and the sampling equipment for that extended timeframe is often difficult.  The conventional tar 86
measurement techniques are therefore impractical for monitoring low concentrations, which can 87
still cause damage to catalysts and reduce process efficiency.  88
89
Sampling and sample preparation are notorious for taking the most time during an analytical 90
process, typically accounting for over 80% of analysis time [6].  In the case of trace tar analysis, 91
this could be even greater due to the long sample times required for collecting significant 92
gravimetric tar data. More likely is the inability of maintaining steady state conditions long 93
enough to collect meaningful samples. In the event that a statistically meaningful amount of tar 94
can be collected, the light tars condensed in the impinger train are likely to be highly diluted with 95
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water that has condensed from the many hours of sampling.  This makes it increasingly difficult 96
to obtain accurate and precise data on the quantity of light tar that has also condensed.  Any 97
ability to obtain information on process kinetics also becomes extremely complicated if not 98
impossible with such a slow and time-consuming technique.  The result in many cases is that99
potentially useful data is discarded as unquantifiable.  Developing an alternative analytical 100
technique based on representative sampling to quantify trace tars will eliminate these issues of 101
tar quantification.  This in turn will improve the performance of gas cleaning equipment and 102
downstream applications.103
104
1.2 Time-weighted average (TWA) sampling with SPME105
Solid-phase microextraction (SPME) is a sample collection and preparation method that does 106
not require long sample times to obtain a representative sample using exhaustive extraction.  It is 107
a relatively new approach that has been extensively applied to environmental, agricultural, and 108
pharmaceutical applications [7-9].  It operates by collecting volatile analytes on a small fiber that 109
is coated with an extraction phase, which is then directly injected into a gas chromatograph (GC) 110
or liquid chromatograph (LC) coupled to a detector, such as flame ionization (FID) or mass 111
spectrometry (MS) [8, 10-11].112
113
SPME can detect pico-grams or less of some compounds, equating to part per trillion (ppt)114
levels or lower [6, 12].  Tar concentrations can be several hundred parts per million (ppm), and 115
can easily saturate a fiber’s extraction phase when exposed to the gas stream.  This leads to 116
samples that may not be representative of the average concentration in the gas stream.  Retracted 117
time-weighted average (TWA) SPME sampling addresses this issue by keeping the extraction 118
phase retracted within the protective needle housing.  Diffusion of the analytes from the 119
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environment to the extraction phase occurs through the stagnant boundary layer between the tip 120
of the fiber and the tip of the needle housing.  Under conditions where diffusion can be 121
approximated as a constant value, the rate of sample collection can be controlled by the depth of 122
fiber retraction.  Retracting the fiber farther within the needle housing can facilitate sampling at 123
higher concentrations, or the sampling time can be extended to several minutes or hours to 124
establish a more representative average analyte concentration.  125
126
Other advantages of SPME-TWA using a retracted fiber include (a) reducing analysis time 127
from several hours per sample to several minutes (b) simplified quantification because a 128
retracted fiber is independent of gas stream velocity [13-15], (c) small particles in the gas stream 129
are not a concern since the fiber is protected by the outer needle housing, (d) the SPME sampler 130
is sealed at the top to eliminate the possibility of gas flowing through the fiber syringe, which 131
could alter results or damage the fiber.  Unlike the equilibrium SPME techniques, applying the 132
TWA-SPME method avoids the need for extra sampling equipment (heated chambers, sampling 133
lines, and vacuum pumps) since it is used directly on process piping, and may potentially 134
eliminate the need to calibrate the fiber for compounds of interest [16]. Finally, SPME sampling 135
experience continues to grow, offering information on many different organic and inorganic 136
compounds at a wide range of molecular weights and sampling environments, which aids in 137
more rapid development for future applications [7, 17-20].    138
139
The principle of the TWA sampling technique follows Fick’s first law of diffusion: the amount 140
collected on the fiber is proportional to the molecular diffusion rate (Dg) of the analytes in the 141
vapor and the area (A) of the needle housing opening, and is inversely proportional to the 142
diffusion path length (δ), which is the boundary layer of stagnant gas inside the needle housing 143
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between the tip of the needle and the tip of the coated fiber.  As long as the concentration at the 144
tip of the coated fiber is small compared to the free-stream value, the amount extracted is 145
proportional to the integral of the concentration over a sampling time (t):146
147
Equation 1:                                
= න()148
149
where:150
A = open area of needle housing [L2]151
t = sampling time [t] 152
Dg = molecular diffusion coefficient for the sample in the gas stream [L
2 t-1]153
Cg = instantaneous concentration in the gas stream [M L
-3] 154
n = mass extracted (determined by analytical equipment) [M]155
δ = boundary layer (or length of diffusion path inside the needle)[L]156
157
The overall objective of this work is to develop a TWA-SPME technique to improve the speed 158
and accuracy of analyzing process gas str ams for difficult-to-measure species.  Unlike previous 159
TWA applications, this research involves rapidly moving gas streams at elevated temperatures 160
(~115 °C), with application to a complicated gas matrix in actual process environments.  This 161
paper in particular examines the TWA-SPME passive sampling concept for application to trace 162
tar measurements in syngas process streams.  As the authors are unaware of any application of 163
SPME directly to gasification streams, this work also forms a basis for future analysis of syngas.  164
Specifically, the three necessary requirements for TWA passive sampling were addressed: (1) 165
zero-sink assumption, (2) consistent and reliable response by the sampling device to changing 166
concentrations, and (3) equal concentrations in the bulk gas stream relative to the face of the 167
fiber syringe opening.  Benzene in nitrogen was used as a model compound in this proof-of-168
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concept evaluation.  Multiple concentrations, sampling times, and boundary layer lengths (i.e. 169
depths of SPME fiber retraction) were tested to determine the limits of method application. 170
171
The experimental program included both bench-top experiments and pilot plant trials in a 172
biomass gasifier.  The bench-top experiments were conducted to develop the TWA-SPME173
method, while the pilot plant trials provided an opportunity to test the technique in a realistic gas 174
matrix.   175
2. EXPERIMENTAL SECTION176
2.1 Chemicals. Benzene (Sigma-Aldrich CHROMASOLV®Plus, for HPLC ≥ 99.9%) was 177
used as a model tar compound within an ultra-high-purity nitrogen gas stream (99.995%) to 178
prove the concept of predicting tar concentrations in syngas using SPME.  All work with 179
chemicals was performed following lab safety protocols, using vented fume hoods and approved 180
personal protection gear.  181
182
2.2 Materials.  A manual SPME device was equipped with a Carboxen/polydimethylsilosane 183
(85 µm CAR/PDMS - Supelco) fiber.  This fiber was recommended by the Supelco fiber 184
selection guide for gases and low molecular weight compounds, which are the prominent 185
compounds in the sample matrix.  An additional benefit for TWA passive sampling is the high 186
capacity of Carboxen, which facilitates sampling at higher concentrations or longer periods of 187
time [21].188
189
This fiber was also chosen in large part based on its performance during preliminary tests on 190
the process development unit (PDU) in which final method testing will be performed.  (An 191
overview of this gasification and cleanup system is available in Woolcock et al [22].)  The 192
gasifier in this pilot scale PDU produces a syngas that is passed through an oil scrubbing unit for 193
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tar removal.  Tests were performed downstream of the oil scrubbing unit using several different 194
fibers, of which CAR/PDMS showed the best results (Figure S1).  (See supplementary material.)195
196
2.3 SPME-TWA Procedure.  The SPME concept uses the TWA passive sampling method197
with a retracted fiber to provide quantitative information on compound concentrations.  Equation 198
1 can be simplified to determine TWA gas stream concentration (assuming a steady average 199
concentration is used during the time interval) according to the following relationship:200
201
Equation 2: 202
203
where:204
A = SPME needle opening (based on inside diameter)[cm2]205
t = sampling time [s]206
Dg = gas-phase molecular diffusion coefficient [cm
2 s-1]207
n(t) = mass extracted in a given amount of time [g]208
δ  = boundary layer (or length of diffusion path) during extraction [cm]209
210
A, t, and n(t) are known values or can be determined using common analytical equipment, such 211
as mass spectrometry (MS) or flame ionization detection (FID) [23].   δ represents the diffusion 212
path length, and depends on the position of the fiber retracted within the needle (see Figure S-1).  213
Similar to the work by Koziel et al. (1999, 2001), a special SPME housing was modified to 214
enable retraction depths of 5 mm, 10 mm, 15 mm, and 20 mm in addition to the 3.3 mm depth 215
possible with the original device [24-25].216
217
The final unknown parameter in Equation 2 is Dg.  Diffusivity is a function of pressure, 218
temperature, and gas stream composition (i.e. the molecular sizes of compounds) [26].  Several 219
AtD
tn
tC
g
g
)(
)( 
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theoretical models are available to estimate Dg, such as the Wilke-Lee (WL), Fuller-Schettler-220
Giddings (FSG) and Huang et al [26-28].  At the temperatures of interest for measuring trace tars 221
in syngas (100 to 125 °C), these models estimate Dg for benzene as 0.130 to 0.164 cm
2 s-1. 222
Assumptions necessary in these models also cause variability, e.g., at T = 115 °C (the 223
temperature ultimately used in lab-scale experiments here) the models suggest a theoretical Dg224
value of 0.138 to 0.156 cm2 s-1. 225
226
Although it is possible to model molecular diffusion coefficients in a mixture, the complexity 227
of the calculations and accuracy of the results are diminished as more components are added to 228
the mixture [29]. Syngas is composed of multiple gases and real tar consists of hundreds of 229
compounds.  While several compounds will likely be present at higher concentrations than the 230
majority of other compounds, the system is far from the simple binary systems used by many 231
models.  The use of SPME for quantitative analysis of tar requires an experimental method that 232
can establish a collective (apparent) Dg value for several of the important compounds while in 233
the presence of other compounds.  Benzene in N2 is used as a proof-of-concept approach that can 234
be compared to theoretical models because it is a bimolecular system.  Once the experimental 235
system is proven to produce results similar to theory (i.e. an experimental Dg value similar to the 236
theoretical Dg value), the number of quantifiable compounds in the system can be expanded to 237
include other major tar compounds.  238
239
Three prerequisites must be satisfied when experimentally determining Dg using retracted 240
SPME:  241
(1) The rate of mass loading must not change due to the collection of analytes onto the fiber.  242
This is known as satisfying the ‘zero-sink’ assumption [30].  It only occurs during early stages of 243
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extraction when the amount of analyte extracted on the fiber is significantly less than when at244
equilibrium with the sample matrix or at fiber coating saturation [6].  As more analytes are 245
collected onto the fiber, the rate of mass collection is reduced as a consequence of the decreasing 246
concentration gradient, resulting in a deviation from the zero-sink behavior. 247
(2) The concentration of the sampled species in the bulk gas of the experimental system (Cbulk) 248
and at the face of the SPME needle opening (Cface) must be equal.  This assures that a secondary249
diffusion boundary layer does not exist outside the tip of the needle (i.e. the diffusion path length 250
ends at the syringe opening). Previous work with BTEX gas standard [13] has shown that a 251
minimum gas flow velocity of ~10 to 25 cm s-1 will make any potential resistance from a 252
secondary diffusion layer negligible.  In fact, maintaining a gas flow higher than 0.6 cm s-1 has 253
shown no significant differences between the face and bulk concentrations for multiple 254
compounds of similar nature to syngas proxy-tars [21].  255
(3) The sampling system must respond to changing concentrations in a consistent or 256
predictable fashion.  A design of experiments is necessary to satisfy this requirement. 257
Specifically, n(t) must change proportionally to t, n(t) must be inversely proportional to δ, and no 258
significant differences should exist between the Dg values calculated at each of the experimental 259
conditions; the experimental Dg value must also be reasonably similar to theoretical estimations260
at the experimental temperature and pressure. 261
262
The constant Dg assumption was tested by maintaining a steady concentration and 263
systematically varying t and δ.  Changing t and δ should effectively alter the n(t) so that no 264
statically significant differences in the experimental Dg can be detected:265
266
Equation 3:  267
AttC
tn
D
g
g )(
)( 
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268
 Precise concentrations of benzene in N2 (Cg) for use in Equation 3 were generated via the 269
experimental system shown in Figure 1 (adapted from [31]) An Alicat flow controller provided 270
precise flow of N2 gas into the system.  A 
kdScientific Model 200 series syringe injector was used 271
to inject benzene with a Hamilton 1 mL gastight syringe.  An online mass spectrometer (Pfeiffer 272
ThermoStar/GSD 301 T3) verified consistent benzene concentrations throughout experiments.  273
Near atmospheric conditions were maintained, and individual heat tracing zones sustained proper 274
temperatures so that conditions for constant diffusivity (according to pressure, temperature and 275
molecular composition in equation 3) could be sustained.    276
277
278
Figure 1279
280
Gas samples were analyzed using a GC-FID (Varian GC-430), supplied with UHP hydrogen 281
(30 mL min-1), air (300 mL min-1), and helium (25 mL min-1).  The GC injection port was held 282
250 °C and fitted with a 0.75 mm SPME injection sleeve (Supelco 2-6375,05); no split was 283
utilized.  A Phenomenex Zebron ZB-5ms column (60 m × 0.25 mm × 0.25 µm) was held at a 284
constant flow of 1.2 mL/min and used a temperature program of 50 °C for 1 min followed by 285
heating at 10 °C min-1 to 150 °C.  The FID was operated at 280 °C and the acquisition frequency 286
was set at 20 Hz.  287
3. RESULTS & DISCUSSION288
The reliability of the sample system and its practical limitations were determined to establish 289
acceptable conditions for a statistical design of experiments (DOE).  290
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3.1 Testing zero sink assumption.  Accurate and consistent responses were acquired at several 291
Cg values.  Three repetitions of Cg ranging from 0.05-0.4 g m
-3 (16 to 160 ppmw) benzene in N2292
resulted in a very high correlation as displayed in Figure 2.  (This correlates to 20 to 200 times 293
reduction in tar concentration in a real syngas.)  The relative standard deviations (RSD, or 294
standard deviation divided by the average) were between <1 to 4%, which indicates a high 295
degree of precision.  In fact, limits in spectroscopy are generally considered 10% RSD for 296
quantification and 33% RSD for detection, both of which are much larger than the 1 to 5% RSD 297
values determined here [32].  If a simple approach is taken to linearly extrapolate based on these 298
data using the 10% and 33% rules, an estimated limit of quantification (LOQ) for the benzene 299
model tar could be calculated on the order of 0.02 g m-3 (8 ppm) with a limit of detection (LOD) 300
of 0.5 mg m-3 (200 ppb).  Sampling times longer than 10 min would theoretically enable LOD 301
and LOQ at much lower concentrations, limited only by the homogeneity and stability of the 302
process stream. 303
304
Figure 2305
306
The zero-sink limit was determined next by sampling the highest Cg of interest at the smallest 307
δ for gradually longer t.  These conditions result in ‘worst-case’ scenario for meeting the zero-308
sink conditions for benzene adsorbed on the fiber.  The zero-sink specification is met as long as 309
adsorption is occurring linearly with t [11].  Once the adsorption begins to slow with time in the 310
kinetic regime, the mass adsorption rate becomes a dynamic variable and Fick’s Law is no longer 311
easily applied.  312
313
Figure 3 indicates that adsorbed mass below approximately 110 ng remains within this linear 314
adsorption regime for 0.39 g m-3 (160 ppmw).  This equates to t = 15 min, with approximately 315
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10% deviation from the theoretical maximum n(t).  According to Equation 2, this theoretically 316
indicates ability to measure Cg with an upper bound of 1.2 g m
-3 (480 ppmw) for 5 min intervals 317
at δ = 3.3 mm.  At longer δ, the theoretical maximum Cg will increase proportionally with δ318
(e.g., 12 g m-3 (0.5%w) could be measured at δ = 33 mm and t = 5 min). 319
320
321
Figure 3322
323
3.2 Verifying Cface is equal to Cbulk. A constant N2 flow rate of 5.7 SLPM resulted in a mean gas 324
velocity in the sampling bulb of 0.75 cm s-1, which guaranteed this second requirement of TWA 325
passive sampling.  The faster velocity also more accurately represents gas velocities in process 326
piping.  This larger flow rate was also necessary to avoid severe temperature fluctuations in the 327
sampling zone of the glass bulb (Supelco #28526-u), due to its initial lack of heat tracing.  A 328
steady 115 °C was achieved in the center of the glass bulb with this flow rate.329
330
3.3 Testing consistent and predictable response to changing Cg.  Despite the highly linear 331
response at different concentrations (Figure 2), testing still showed severe fluctuations in n(t) at 332
different depths.  This was possibly due to changes in the actual diffusion rate of compounds 333
occurring as a result of temperature differences at different depths in the sampling zone.  334
(Maintaining constant temperature is essential to collecting accurate data, since Dg is a function335
of temperature and thermophoresis can also alter the mass adsorption rate.)  Temperatures at 336
different depths within the SPME syringe housing were measured using a SPME temperature 337
probe that was created by removing the stainless steel inner rod and fiber coating from a broken 338
fiber and replacing it with a thermocouple (Figure S-3).  A temperature of 115 °C at the fiber tip 339
resulted in a temperature of 75 °C at δ = 10 mm.  Tracing was placed on the entire sampling 340
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zone, including a sampling well for the fiber so that the entire depth of the extracted fiber was 341
heated appropriately (Figure S-4).  The adjustments resulted in a temperature variation of less 342
than 1 °C from the fiber tip to a depth of 10 mm. 343
344
Initial testing also identified replacement of syringes in the syringe injector as a potential 345
nuisance variable.  This variation was dealt with by using a block design for the DOE: a single 346
syringe was used to perform one repetition of all treatment conditions, and a fresh syringe was 347
used for each repetition of the treatments.  The quantity of treatment conditions was therefore 348
constrained to fit within the time provided by one syringe. 349
350
Another potential source of error involved retraction depth, since variation in depths by more 351
than 0.1 mm from the assumed depth may cause substantial changes in the amount adsorbed.  352
This variability was addressed using a single SPME fiber during each repetition, and having the 353
SPME fiber holder professionally machined at each of the required depths [25].  This resulted in 354
variation of less than 0.1 mm retraction depth and high precision as indicated in the results (See 355
Figure 3 and caption for an example of high precision).  356
357
The high degree of linearity in Figure 2 suggested that Cg could also be removed as a variable 358
from the DOE as long as similar conditions were utilized.  A Cg of 0.5 g m
-3 (160 ppmw) at room 359
temperature was chosen given the promising initial results and the understanding that longer δ360
significantly diminishes n(t).  In this manner, the linear portion of the adsorption curve shown in 361
Figure 3 is preserved for the data and the amount adsorbed is within the quantification limits.   362
363
Two potential variables remained that could cause variation in the experimentally determined 364
Dg values, as described in Equation 3: δ, and t. 365
366
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A maximum sampling time of 4.5 h was possible when testing a tar concentration in the 367
sampling zone of 0.39 g m-3 (160 ppmw, or 0.5 g m
-3 at room temperature) at a N2 flow rate of 368
5.7 SLPM.  In addition to t, the fiber was submitted to 5 min of desorption and 5 min of cooling 369
time following extraction and desorption.  A full factorial design using 10 min as the average t 370
enabled 9 treatment combinations within the time frame of a single syringe. A full factorial 371
design was applied for three different δ (3.3, 5, and 10 mm) and three t (5, 10, and 15 min).372
373
Results from this DOE are illustrated in Figure 4.  The linear correlation suggests that passive 374
TWA sampling using SPME is applicable for detection of contaminants in elevated temperature 375
(>100 °C) process gas streams.  According to Equation 3, the amount collected on the fiber 376
should be inversely proportional to δ and directly proportional to t.  The R2 value of 0.979 377
suggests that this relationship holds true. 378
379
Figure 4380
381
Prior to calculating the experimental Dg with Equation 3, n(t) must be adjusted to account for 382
the amount adsorbed on the stainless steel syringe barrel that houses the fiber. For this purpose, 383
a decommissioned SPME fiber that had its 1 cm coating completely removed was subjected to 384
the same testing conditions as the CAR/PDMS fiber.  The quantities of benzene adsorbed onto 385
the bare steel at these conditions were 5.3, 5.8, and 6.1 ng for the 5, 10, and 15 min time 386
intervals, respectively (changes in the amount adsorbed with depth were not significant at any 387
level).  The final apparent Dg values for all 27 tests were 0.101 to 0.157 cm
2 s-1 with an average 388
of 0.129 cm2 s-1.  RSDs were all 1% or less for δ = 5 and 10 mm, and less than 2% for δ = 3.3 389
mm.  These data compare well to WL, FSG, and Huang theoretical predictions (0.138 to 0.156 390
cm s-1), but do show a slightly larger range of Dg values. Plotting the larger range of 391
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experimental Dg values versus inverse depth (as Equation 3 suggests) shows a strong correlation 392
in lieu of random scatter for each time interval (Figure 5).  The experimentally determined Dg393
increases with increasing δ and decreasing sampling time.   394
395
396
Figure 5397
398
Statistical analysis (using JMP software) showed that the value measured for diffusivity was 399
dependent upon the time interval and diffusion length employed in the measurement at a 95% 400
confidence level (See Tables S-1 and S-2).  The analysis of variance (ANOVA) for the 401
experiment estimated p-values of less than 0.0001 for both t and δ.  Even after addressing all 402
major factors potentially impacting n(t) (including: temperature, experimental system flow rates, 403
sinks and leaks for the analyte), δ and t had a significant effect on Dg as determined by Equation 404
3.  405
406
Several possibilities were tested to explain why the experimental value of Dg depended upon 407
the time of collection and the diffusion length.  Any potential eddy effects from the high gas 408
velocity were discounted by testing a velocity of 0.03 m s-1 in the heat-traced sampling zone, 409
which produced no change in the resulting pattern (see Figures S-6 and S-7).  Intermittent 410
exposure to benzene could have been caused by a syringe injector malfunction or a variation in 411
the delay between sample extraction and analysis for different samples.  Such effects should 412
have been avoided by the use of randomized test order.  In the event that randomization did not 413
fully address potential effects of intermittent exposure, an experiment was performed similar to 414
Martos et al. in which the samples were immediately subjected to a helium-only environment for 415
varied lengths of time before analysis [30].  As was expected with the high affinity for the 416
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analytes by the CAR/PDMS fiber, the amount of sample lost from the fiber was not detectable.  417
This verified the study by Martos et al. and eliminated intermittent exposure to the sample 418
environment as a possible explanation for the significant pattern in the data.  Exposure to 419
elevated temperatures may also expand the fiber/syringe tip over time – i.e. A and δ are no longer 420
constant and expand.  This was tested by performing an experiment at room temperature, with no 421
change in the resulting pattern. 422
423
One remaining explanation is the apparent deviation from linear analyte adsorption, as 424
indicated in Figure 3.  There is a slight reduction of approximately 10% from the theoretical 425
maximum adsorption at 15 min.  Less deviation than 10% may be necessary to apply Equation 2.  426
Chen et al. (2003) chose conditions in which the fiber performance remained within 5% of 427
theoretical [21].  This implies that the limit of application for TWA passive sampling is a point at 428
which n(t) lies between 5% and 10% of the theoretical SPME mass adsorption capacity.  429
430
Despite the significant variation in experimentally derived Dg values, several were very similar 431
to values predicted by the three theoretical equations.  Determining which particular values were 432
not statistically different from theory can establish a maximum n(t) at which this method can433
make valuable use of theoretical Dg calculations.  Establishing the conditions of this TWA-434
SPME method in a practical application under which a simple theoretical calculation of Dg for 435
analytes of interest could be used in place of these types of experiments would save substantial 436
amounts of time during analysis.  The user could simply identify what compounds are of interest, 437
calculate the Dg at sampling process gas conditions, select a depth and time at which the mass438
adsorbed is within this theoretical limit, and calculate analyte concentration.  Experimentally 439
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determining diffusivity for all compounds would become unnecessary for estimating their 440
concentration. 441
442
Certain combinations of conditions will collect lower amounts of benzene than others, and 443
identifying which conditions specifically differ from theory can determine if a practical 444
maximum n(t) value was surpassed.  If the conditions that differ from theory all collected higher 445
amounts of benzene, this will support the notion that a practical maximum n(t) value was 446
exceeded.  The averages of each combination of conditions (nine averages of 3 repetitions) are447
shown in Table 1 tested against the average of the three theoretical equations (see Equation S-2).  448
449
Table 1450
451
Analyzing all nine combinations of retraction depths and sampling times indicated that a 452
critical n(t) value was reached.  Each mean value that was significantly different from theory had 453
collected more benzene than those that were not significantly different, except for one.  The first 454
condition of 3.3 mm and 5 min collected less benzene than both condition 9 and 5 (10 mm and 455
15 min; 5 mm and 10 min), yet still showed a molecular diffusion coefficient that was 456
significantly different from the average of the theoretical equations.  This suggests that the rate 457
of analyte collection on the surface of the fiber tip can create a localized area of high 458
concentration, which can negate the zero-sink assumption if the system becomes limited by mass459
transfer deeper into the fiber coating.  This second boundary layer of pre-concentrated analyte 460
located at the surface of the fiber tip is similar to a phenomenon suggested by Semenov (2000), 461
in which a certain degree of oversaturation on the fiber surface was essentially responsible for 462
moving the analyte deeper into the sorbent layer and achieving equilibrium [33].  463
464
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3.4 Pilot-scale gasification trial. Given the close proximity of the theoretical values to many of 465
the experimental values, a preliminary test was performed on the pilot scale gasifier to test the 466
overall feasibility of the concept in a real-world situation.  The CAR/PDMS fiber was subjected 467
to the process gas stream existing downstream of a tar condensation vessel using a retracted 468
TWA sampling configuration.  The chromatogram in Figure 6 illustrates the impurities found in 469
the syngas stream, primarily benzene, toluene, styrene, indene, and naphthalene.  These 5 470
compounds represent the major components existing in the vapor phase after the syngas cools 471
down to the 100 to 150 °C temperature of the condensation vessel.  The remaining compounds in 472
the chromatogram were shown in a baseline sample taken of the vessel prior to use, and were 473
subtracted from the syngas tar chromatogram to ensure only the additional mass of syngas tar 474
compounds were used in concentration calculations.475
476
Figure 6477
478
A CAR/PDMS fiber was inserted directly into the gas stream via a compression fitting 479
attached to the 1.5” process piping and outfitted with a GC septa (11 mm).  Results shown in the 480
chromatogram of the process gas are feasible (Figure 6), given the simple condensation process 481
used to remove tar directly upstream of the sampling area.  Exit temperatures in the piping from 482
the condensation vessel were higher than desired (i.e., ~150 to 175 °C as opposed to desired 95483
°C), thereby condensing only the heavier tars and allowing most of the lighter tars to remain in 484
the vapor phase.  485
The TWA-SPME measurement resulted in a total tar concentration of approximately 3 g m-3486
(Table 1).  This is the same order of magnitude of tar concentration indicated by the conventional 487
tar measurement methods performed further upstream (~7 g m-3).  The discrepancy may reflect 488
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the lower overall quantity of tar where TWA-SPME sampling was performed, due to upstream 489
condensation of the heavier tar molecules (see lower response of heavier molecular weight490
compounds in Figure 6).491
492
Table 2493
4. Conclusion494
Proof-of-concept was established for passive TWA sampling of contaminants found in process 495
streams at high temperatures (> 100 °C) using a retracted SPME fiber.  Concentration of a model 496
tar compound (benzene) was tested in a model syngas stream (N2) at multiple retraction depths497
(δ) and sampling times (t).  Empirical diffusion coefficients (Dg) calculated from known 498
concentrations (Cg) of the model tar compound were in good agreement with theoretical 499
estimates at 115 °C and 1 atm pressure.  However, empirically determined Dg values appeared to 500
depend on the diffusion path length and sampling time employed in its measurement.  Despite 501
this limitation of the method under some of the tested conditions, the TWA model can 502
nevertheless be applied to quantification of trace contaminants in process gas streams at elevated 503
temperature, provided that the amount collected (n(t)) at the exposure time and depth of 504
retraction deviates by 5% or less from the theoretical SPME fiber adsorptive capacity (i.e. the 505
zero-sink assumption is not violated).  If several depths fall within the limits of n(t) that satisfy 506
the zero-sink assumption, the preferred configuration uses the greatest depth and longest time of 507
extraction.  These experiments provide strong evidence supporting Semenov’s hypothesis that a508
secondary boundary layer initially develops at the front edge of the SPME fiber.  509
510
The TWA-SPME technique was also tested on a pilot-scale gasification process, yielding tar 511
concentrations that are reasonable considering the relatively cooler gas temperature where the 512
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SPME sampling was performed compared to the conventional tar measurement.  Future tests will 513
attempt comprehensive evaluations of the TWA-SPME method in the pilot-scale gasifier for the 514
five major compounds identified in the current study, including comparing the method to 515
currently accepted conventional tar measurements. 516
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570
Figure 1. Simulated TWA SPME sampling system for hot process gas571
Figure 2. Benzene adsorbed on the CAR/PDMS fiber at atmospheric pressure for 10 min 572
sampling times at 115 °C, δ = 5 mm.  Concentration calculated as 0.5 g m-3 at room temperature 573
(23 °C) as a function of the gas flow meter and syringe pump settings, and subsequently adjusted 574
for temperature [31].  (Standard errors for amount adsorbed were nearly identical and ranged 575
from 3.9 to 4.1 ng.)576
Figure 3. TWA SPME extraction at 115 °C (δ = 3.3 mm) of 0.39 g cm-3 (160 ppmw) benzene in 577
N2 (standard errors all below 4 ng). “A” represents zero-sink behavior. “B” represents clear loss 578
of zero-sink behavior. 579
Figure 4. Amount of benzene (ng) collected (minus a baseline) at 115 °C as a function of t (s) 580
and δ (mm) for the treatment combinations (t = 5, 10, and 15 min; δ = 3.3, 5, and 10 mm; Cg = 581
0.39 g m-3 (160 ppmw)).  582
Figure 5. Experimental (apparent) diffusivity (Dg) as a function of δ for different t.  All tests 583
performed at normal conditions of 115 °C, 0.39 g m-3 (160 ppmw), 1 atm, and 5.7 SLPM N2 flow 584
rate.585
Figure 6. TWA-SPME analysis of syngas generated from biomass gasification and passed 586
through a tar condensation vessel.  Conditions of sample taken directly from process piping: 587
CAR/PDMS fiber, 3.3 mm retraction depth, 10 min exposure, ~150 °C syngas temperature.   588
589
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Figure 1. Simulated TWA SPME sampling system for hot process gas 
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Figure 2. Benzene adsorbed on the CAR/PDMS fiber at atmospheric pressure for 10 min 
sampling times at 115 °C, δ = 5 mm.  Concentration calculated as 0.5 g m-3 at room temperature 
(23 °C) as a function of the gas flow meter and syringe pump settings, and subsequently adjusted 
for temperature [31].  (Standard errors for amount adsorbed were nearly identical and ranged 
from 3.9-4.1 ng.) 
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Figure 3. TWA SPME extraction at 115 °C (δ = 3.3 mm) of 0.39 g cm-3 (160 ppmw) benzene in 
N2 (standard errors all below 4 ng). “A” represents zero-sink behavior. “B” represents clear loss 
of zero-sink behavior.  
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Figure 4. Amount of benzene (ng) collected (minus a baseline) at 115 °C as a function of t (s) 
and δ (mm) for the treatment combinations (t = 5, 10, and 15 min; δ = 3.3, 5, and 10 mm; Cg = 
0.39 g m
-3 
(160 ppmw)).   
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Figure 5. Experimental (apparent) diffusivity as a function of δ for different t.  All tests 
performed at normal conditions of 115 °C, 0.39 g m
-3
 (160 ppmw), 1 atm, and 5.7 SLPM N2 flow 
rate. 
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Figure 6. TWA-SPME analysis of syngas generated from biomass gasification and passed 2 
through a tar condensation vessel.  Conditions of sample taken directly from process piping: 3 
CAR/PDMS fiber, 3.3 mm retraction depth, 10 min exposure, ~150 °C syngas temperature.    4 
 5 
 6 
Figure 6.docx
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Table 1: The means of nine depth and time combinations statistically compared to the average of 
the WL, FSG, and Huang theoretical equations (at α = 0.05 unless otherwise stated). 
 
Condition Depth Sampling 
Time 
Empirical Dg 
average  
(n = 3) 
n(t) Statistically same 
as theoretical Dg 
average (n = 3) 
 (mm) (s) cm
2
 s
-1
 (g) x 10
-9
  
1 3.3 5 0.124 43.1 No 
2 3.3 10 0.108 75.4 No 
3 3.3 15 0.103 107.5 No 
4 5 5 0.136 31.2 Yes 
5 5 10 0.128 58.6 Yes* 
6 5 15 0.123 84.7 No 
7 10 5 0.156 17.9 Yes 
8 10 10 0.143 32.8 Yes 
9 10 15 0.139 48.0 Yes 
(Theoretical)  (0.146)   
      *when taken at @ α= 0.01 instead of 0.05  
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Table 2. TWA-SPME analysis of syngas generated from biomass gasification and calculated tar 
concentration.  Empirical calculation at 150 °C was adjusted by the same ratio as theory, since it 
is outside the experimental conditions of 115 °C, and is provided only for comparison.  
Theoretical diffusivity was calculated using the average of the WL, FSG, and Huang correlations 
at the temperature stated in the table.  Literature values were provided by Karaiskakis, 2004 [27].  
Benzene concentrations were calculated for theoretical and literature comparisons by 
reorganizing Equation 3 to obtain n(t) with the Dg provided.   
 
 
 
Empirical 
 
(Dg estimated 
from controlled 
TWA-SPME 
experiments) 
 
Theoretical 
 
(Dg estimated 
using WL, FSG, 
and Huang 
models) 
Literature 
 
(Dg from 
Karaiskais 
2004) 
Molecular diffusivity, Dg (cm
2
 s-
1
) 0.143 0.163 0.146 0.167 0.140 0.165 
                      At Temperature (°C) 115 150 115 150 105 150 
Benzene conc. (g m
-3
) 2.28 2.00 2.23 1.95 2.32 1.97 
Tar % by Benzene* 71.1 71.1 71.1 71.1 71.1 71.1 
Total tar concentration Cg (g m
-3
) 3.21 2.81 3.13 2.74 3.26 2.77 
*‘Tar % by Benzene’ indicates the fraction of all tar peaks in the chromatogram accounted for by the 
benzene peak.  
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